A comprehensive study of nonstoichiometry titanium oxide thin films ͑TiO x , 0.3Յ x Յ 2͒ prepared by ion beam deposition technique is reported. The physical properties of the material are studied by ultraviolet and x-ray photoelectron, Raman, and Fourier transform infrared spectroscopies, and atomic force microscopy. An abrupt transition from metallic characteristics to a wide gap semiconductor is observed in a very narrow range of oxygen variation. Concomitantly with this change the crystal structure and morphology suffer remarkable physical properties modifications. This transformation is ascribed to surface-volume energy minimization due to the influence of oxygen determining the size of the TiO 2 particles during coalescence.
I. INTRODUCTION
Titanium oxide has a wide range of applications such as pigments, catalysts, optical, coatings in human implants, and devices such as capacitors, sensors, metal-oxidesemiconductor transistors, and solar cells. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] The use of TiO 2 powders or films is potentially important in the attempts to solve some environmental and energy problems. 11 Moreover, TiO 2 coatings improve surface hardness and wear resistance. 12 TiO 2 crystallizes in three different structures: rutile ͑te-tragonal corner shared, space group P4 2 / mnm͒, anatase ͑te-tragonal edge shared, space group I4 1 / amd͒, and the less common brookite ͑orthorhombic, space group Pbca͒. 13 The TiO 2 structure depends on the preparation method, conditions of synthesis, and thermal treatment. Rutile is the thermodynamically more stable phase and displays a relative high refraction index ͑n g = 2.95͒. 13 It is transparent in the visible and opaque in the ultraviolet range of the electromagnetic spectrum making the material appropriate for pigment applications. The anatase and brookite structures are transformed to rutile when properly heated. Anatase is chemically and optically active, suitable for catalyst support and photoelectrochemical material. [14] [15] [16] Brookite is rare in nature. However, much interest was focused recently on this phase since it is electrochemically more active than anatase, thus becoming an interesting candidate for photovoltaic devices. 17 The TiO 2 films are produced by several methods such as hydrothermal, sol-gel, and by a variety of thin film deposition techniques. 13, 18 Among the latest techniques reactive evaporation, 19 magnetron sputtering, [20] [21] [22] [23] chemical vapor deposition, 24 and ion beam enhanced deposition, 25 are the most common routes used for preparing uniform coatings, whereas solution pathways are preferred for catalysts applications, where large areas are required. Also, it is well established that the physical properties of TiO 2 films strongly depend on the oxygen content. 13 Indeed, most of the preparation techniques involve the control of the oxygen partial pressure ͑P O 2 ͒ used during the material synthesis. However, the reported studies cover a narrow P O 2 range making the comparison of results from different groups difficult. This limitation is particularly important near the phase transitions from rutile to anatase structures, where minute oxygen partial pressures completely change the result of the reaction. 21, 22 In this paper we report a comprehensive study of the crystalline structure and morphology of TiO x films obtained by ion beam deposition ͑IBD͒ in the range of 0.3Ͻ x Ͻ 2. The deposition method, using a Kaufman ion source, allows a precise control of both the ion current density and energy allowing a fine control of the physical properties of the TiO x . [26] [27] [28] [29] The material was characterized by x-ray ͑XPS͒ and ultraviolet ͑UPS͒ photoelectron emission spectroscopy, vibrational spectroscopy ͑Raman and Fourier transform infrared-FTIR͒, x-ray diffraction ͑XRD͒, and atomic force microscopy ͑AFM͒. The film thickness was measured by profilometry. The influence of the stoichiometry on the physical properties of the material is discussed.
II. EXPERIMENTAL METHODS
The TiO 2 films were prepared by sputtering a high purity titanium target ͑99.999%͒ in a high vacuum system ͑back-ground pressure Ͻ2 ϫ 10 −7 mbar͒. The stoichiometry of the samples ͑0.3Ͻ x Յ 2͒ was varied by changing the chamber oxygen partial pressure from the background pressure ͑Ͻ10 −7 mbar͒ up to ϳ10 −3 mbar. Rectangular 20 ϫ 10 mm 2 , 2 mm thick, polished crystalline silicon ͑111͒ wafers were used as substrates. The substrates were introduced in the deposition chamber after a standard cleaning procedure ͑ultrasound in chemical detergent, acetone rinsing, and drying by blowing nitrogen͒. The distance between the target and the substrate holder was maintained constant ͑160 mm͒ for all the prepared samples. All the samples were deposited maintaining the substrate temperature constant ͑407Ϯ 2͒°C during 60 min.
The deposition chamber is attached to an ultra high vacuum chamber for photoelectron spectroscopy analysis ͑UPS, XPS͒, i.e., the samples are not atmospheric contaminated. The deposition chamber contains a dc Kaufman cell that can be operated from ϳ30 to 1000 eV and up to 2 mA/ cm 2 according to the experiment requirements. Details of the system are reported elsewhere. 28, 30 Structural parameters (ex situ) were derived from vibrational spectroscopy ͑Raman, FTIR͒ and XRD. Micro-Raman ͑-Raman͒ ͑spot size ϳ0.8 m 2 , ϳ700 W, ϳ2 cm −1 resolution͒ spectra were obtained in a backscattering configuration by exciting the sample with the 632.8 nm Heu Ne line ͑-Raman, Renishaw RM 2000 setup͒. The Raman Si signal from the substrate was properly subtracted. Infrared spectra were performed with a Nicolet, Magna-IR 760 spectrometer FTIR ͑4 cm −1 resolution͒. XRD patterns were obtained at low incident angle ͑2°͒ with a Rigaku Rotaflex RU 200B device ͑Cu K␣ radiation, = 1.54 Å, U = 50 keV, and I = 100 mA͒, operating in the continuous scan mode at 1°/min and 0.02°steps. Crystalline domain sizes were estimated from Scherrer equation 31 assuming that the particles are spherical, and the structure factor is 0.9.
Once deposited, the sample is transferred to the UHV chamber and the UPS and XPS spectra immediately recorded. The He-I and He-II lines ͑h = 21.2 eV and 40.8 eV, respectively͒ or Al K␣ line ͑h = 1486.6 eV͒ are used as excitation sources in photoelectron emission spectroscopy ͑UPS, XPS͒. A VG-CLAMP-2 electron analyzer combined with the excitation line width gives a total resolution of ϳ0.3 eV and 1.2 eV for UPS and XPS, respectively. The UPS spectra thus obtained represent the energy distribution joint density of states ͑EDJDOS͒ of the valence and conduction bands properly weighted by the matrix electron transition probability. 32, 33 The electron binding energies ͑BEs͒ are referred to the Fermi level E F as determined from the photoelectron spectrum obtained in a silver sample properly cleaned by sputtering. Quantitative analysis of XPS spectra was performed after subtraction of the inelastic background using Shirley's method. 34 The atomic composition ͑O and Ti͒ was determined by integrating the core level peaks, weighted by the corresponding photoemission cross-section. 35 The O and Ti oxidation of symmetric bands states were determined by fitting the spectra with multiple Gaussians curves. In this case asymmetric bands Gaussian-Lorentzian curves were used. The surface morphology was analyzed by AFM ͑Auto-Probe CP, Park Scientific Instruments͒ operating in noncontact mode under atmospheric condition. AFM scans were made over areas of 5 ϫ 5 m 2 , 3ϫ 3 m 2 , 1ϫ 1 m 2 , and 0.8ϫ 0.8 m 2 with a resolution of 516ϫ 516 pixels. Finally, the thickness of the films was measured with a Dektak3 profilometer from the step produced by a suitable shaded region of the substrate during the sample deposition.
III. RESULTS: ANALYSIS OF THE EXPERIMENTAL DATA
The different techniques used in the material characterization provide information on the physical properties dependence on the composition and deposition conditions of the samples. Table I summarizes the atomic composition, thickness, median grain size, and color for the studied samples for each oxygen partial pressure ͑P O 2 ͒ used during the material deposition. We shall pay special attention to the important physical changes observed in the 2 ϫ 10 −8 to 1 ϫ 10 −3 mbar oxygen partial pressure range. For the sake of clarity each physical property of the material will be analyzed separately. A. Chemical composition and electronic structure Figure 1͑a͒ shows the evolution of XPS spectra corresponding to the Ti 2p electron core levels. The identification label on each curve corresponds to the data reported in Table  I . In all spectra the characteristic features associated with the Ti 2p 3/2 and Ti 2p 1/2 core electrons are recognized.
Two families of curves are distinguished. The first one ͑curves a to f͒ with bands located at ϳ454 ͑Ti 2p 3/2 ͒ and 460 eV ͑Ti 2p 1/2 ͒ is characteristic of metallic Ti. The subtle shift in Ti 2p peaks to higher energies as P O 2 raises indicates an increase in oxidized Ti species ͑indicated by dashed arrows͒. The second family ͑curves k to q͒ is obtained for P O 2 Ͼ 5 ϫ 10 −5 mbar. In these spectra Ti 2p peaks are located at ϳ458.8 and ϳ464.5 eV, which correspond to Ti 4+ in TiO 2 structures. 36, 37 Between these well defined phases there is a narrow oxygen partial pressure window where spectra show several broad peaks and shoulders. In addition to Ti 0 and Ti 4+ species, by fitting multiple GaussianLorentzian or Gaussian curves 38 new bands are identified. Indeed, bands located at ϳ455.0 eV and ϳ460.8 eV and at ϳ456.9 eV and ϳ462.7 eV can be ascribed to Ti 2+ in TiO and Ti 3+ in Ti 2 O 3 structures, respectively. Figure 1͑b͒ shows the normalized XPS spectra of O 1s electronic core levels. This band shifts to lower BE when the material becomes richer in oxygen. For curves k to q there is a unique symmetric band centered at ϳ530.6 eV corresponding to O 2− in Ti 4+ u O bonds. 39 In the other hand, at lower P O 2 values, this band becomes broader, asymmetric, and a shoulder at lower energies is defined. These features are characteristic of different oxygen bonds and can be identified using the same fitting procedure employed above. The presence of adsorbed O 2 2− ͑peroxide͒ and O 2 − ͑superoxide͒ with maximum BE at ϳ531 eV and 532 eV, respectively predominant. 6, 40 These species, as well as O − , are formed by adsorption of O 2 onto reduced surfaces. 41 Curves a and b, at lowest P O 2 can be assigned to physisorbed O 2 to a monolayer or less of chemisorbed O for which a lower BE is expected. Figure 2͑a͒ displays the evolution of the band position associated with the Ti 2p ͑2p 3/2 and 2p 1/2 ͒ electrons as a function of the oxygen partial pressure. From this plot it is clear that the ill-defined intermediate region is a convolution of Ti species with all possible oxidation states. Similarly, Fig. 2͑b͒ shows the behavior of the band associated with the O 1s electron core level of the sample.
As described in Sec. II, the stoichiometry of the oxide was obtained from XPS spectra by appropriate integration of Ti 2p and O 1s plots. The resulting values, x, are presented in Table I and for the sake of clarity, plotted against P O 2 in Fig. 3 . For x Ͻ 1.24 the XPS spectra reveal the presence of metallic titanium. In the transition region ͑1.24Ͻ compounds and the features located at ϳ3 -9 eV are due to O 2p orbital. 42 Similar features are observed in Figs. 4͑a͒ and 4͑b͒. We note that the background due to inelastic electron scattering is stronger in the spectra obtained with He-I photons than with He-II. This is evident from the fact that the use of He-II photons enhances the structure observed near ϳ4 eV, a feature ascribed to surface states 42 on the basis of the escape depth of photoelectrons ͑ϳ5 Å for He-II and 10-15 Å for He-I͒. 32, 40, 43 A narrow band near to E F is well defined in curves a to g, i.e., for P O 2 Ͻ 1.98ϫ 10 −5 mbar. The EDJDOS is clearly composed by two bands ͑labeled A and B͒ for x Ͻ 0.86 ͑curves a to f͒. For near stoichiometric oxides a new band merges ͑labeled D͒, and the onset of the valence band shifts to lower energies. This triplet structure is characteristic of reconstructed and faceted TiO 2 surfaces. 42 Indeed, peaks A and B correspond to bond resulting from O 2p-Ti e g orbital overlapping and peak D to bonds from O 2p-Ti t 2g orbital overlapping. 44 The latter is sensitive to surface containing oxygen bonding bonds, i.e., geometries deviating from those found in bulk TiO 2 .
42,43
The higher density of states ͑EDJDOS͒ near E F for samples concentrations in the range 0.31Ͻ x Ͻ 0.86 ͑band C͒, is characteristic of a metallic material with partially filled Ti 3d states 42 which becomes negligible for x Ͼ 1.62. It is interesting to note that the EDJDOS decreases near E F and it is accompanied by an O 2p band shift to lower BE values.
B. Structure dependence on the material composition
Representative Raman spectra of the studied samples are displayed in Fig. 5 . As expected, Raman spectra are featureless for x Ͻ 1.24 due to the metallic character of samples ͑not shown͒. On the other hand, curves g and j have Raman spectra characteristic of amorphous titanium oxides with multiple peaks in the 170-400 cm −1 range arising from second order scattering process. 45 The curve identified as k shows three of the four Raman modes characteristic of rutile structures, i.e., two intense bands at ϳ446 ͑E g ͒ and 607 cm −1 ͑A 1g ͒, and a weaker band at ϳ143 cm −1 ͑B 1g ͒. 46 In order to have better discrimination of the other bands, the fourth mode at ϳ827 cm −1 ͑B 2g ͒ is omitted in Fig. 5 . The broad multiple peaks at ϳ239 cm −1 indicate the presence of amorphous contributions which correspond to a second order scattering process. 45 On the other hand, for the curve l the spectrum shows traces of the rutile phase and three of the six fundamental Raman active modes characteristic of anatase structures located at ϳ148 ͑E g ͒, ϳ401 ͑B 1g ͒, and 640 cm −1 ͑E g ͒. 45, 46 Other expected modes, such as A 1g and B 1g , at ϳ518 cm −1 are masked by the signal of silicon substrate. All spectra recorded with samples deposited with P O 2 Ͼ 9.95ϫ 10 −5 mbar are unambiguously compatible with anatase crystalline structures. Figure 6 shows representative FTIR spectra of samples with x ϳ 2. These spectra have two bands located at ϳ500 cm −1 , ϳ445 cm −1 , as well as an ill-defined structure at ϳ700 cm −1 . The dominant feature centered at ϳ500 cm −1 is assigned to E u mode corresponding to the Tiu O stretching in rutile structures ͑curve k͒ ͑Refs. 39 and 46͒ and the band at ϳ445 cm −1 is attributed to Tiu O band in anatase crystalline phase. 47, 48 Consistent with the Raman results, for higher oxygen content ͑curve m͒ the band associated with Tiu O stretching in rutile structures is negligible, whereas that corresponding to anatase ͑curve q, ϳ439 cm −1 ͒ dominates the whole spectrum. 47 In both rutile and anatase structures the oxygen ions link three Ti ions with C 2v symmetry. Therefore, three independent vibration modes are expected with A 1 , B 1 , and B 2 symmetries. B 1 are out-ofplane modes while A 1 and B 2 combine the Tiu O stretching with those of Tiu O u Ti in-plane modes. However, these angles depend on the particular crystalline structure, i.e., 1 ϫ 99°and 2 ϫ 130.5°for rutile and 1 ϫ 155°and 2 ϫ 102°for anatase phases, respectively. In the case of rutile the modes arising from A 1 and B 2 have predominantly the Tiu O stretching character and in-plane deformations, respectively. On the other hand, for anatase, the modes are completely mixed. 46 We note that curves k and l show two particularities. First, there is an ill-defined band at ϳ700 cm −1 that has been previously assigned to the formation of a non stoichiometric TiO x with x Ͻ 2 and special particle shapes. 46, 49 Second, the observed slight shift in the 500 cm −1 band toward a smaller wavenumber in sample l is also related to changes in particle size effect. 39, 46 Finally, we remark that the cleanliness of deposition method and analysis conditions are confirmed by the absence of bands associated with OH and uCH, uCH 2 groups in the 3200-3800 cm −1 , 2500-3600 cm −1 , and 1400-2900 cm −1 regions ͑not shown͒, respectively. 49 XRD experiments probe deeper parts of the samples than XPS measurements. Indeed, the diffractograms show a fine control of the material structure by dosing the oxygen gas pressure bleeding into the chamber ͑Fig. 7͒. Confirming the above results ͑Sec. II͒, samples with x Ͻ 0.86 show diffraction patterns consistent with metallic titanium having preferred orientations ͑101͒, ͑102͒ and ͑103͒ ͑curves a, c, and f͒. Increasing oxygen content decreases the metallic character of the diffractograms. For P O 2 ϳ 3.08ϫ 10 −5 mbar, the material becomes amorphous, with incipient rutile formation. Further oxygen addition induces crystalline TiO formation, with ͑200͒, ͑111͒, and ͑220͒ x-ray preferred plane reflections ͑curve j͒. Also, the curve shows an incipient peak associated with TiO 2 rutile that establishes definitively in diffractogram k, with the ͑110͒ preferred orientation. Finally, further increasing the oxygen partial pressure in the chamber the structure changes to stoichiometry TiO 2 ͑anatase͒ and ͑101͒ preferred orientation ͑curves n and q͒. It is interesting to note that the full-width at half-maximum ͑FWHM͒ of all the peaks observed in the XRD is very narrow ͑ϳ0.5°mean value͒, suggesting the formation of fine crystalline TiO 2 material. The crystallite domain size D of the formed crystallite can be estimated by the Scherrer equation. 31 The obtained D values for the preferential grown orientation are listed in Table II .
C. Thickness and morphology dependence on the material composition
The central plot in Fig. 8 shows the thickness t, of the as-deposited TiO x thin films. It is found that the films synthesized at different O 2 chamber pressures exhibit an abrupt thickness dependence on P O 2 . For P O 2 Ͻ 1.98ϫ 10 −5 mbar, 375Յ t Յ 341 nm with a mean thickness of ͗t͘ = 359Ϯ 13 nm whereas for P O2 Ն 9. Table I . 19  19  12  15  11  17  16 064912-5to 466 nm followed by an abrupt decay up to 92 nm. Above a characteristic P O 2 ͑P ‫ء‬ = 4.5ϫ 10 −5 mbar͒ there is discontinuity in the thickness and within the experimental error, the stoichiometry of the films produced above P ‫ء‬ are similar. The morphology evolution of the samples strongly depends on the compound stoichiometry. Similar topography was found by AFM in experiments probing several areas sizes of the studied samples ͑ϳ0.64, 1, 9, 25 m 2 ͒. For sake of clarity, however, only pictures obtained in 1 m 2 areas are depicted in Fig. 8 . The median grain size of each sample was determined from the pictures and is reported in Table I .
Films deposited at P O 2 Ϸ 2 ϫ 10 −8 mbar show isolated grain size around ϳ83 nm with irregular shape ͑sample a, Fig. 8͒ . Small oxygen incorporation induces changes in the material morphology, rounding the grains boundaries and giving less compact films with ϳ71 nm grains mean size ͑sample b͒. Near to the abrupt stoichiometric changes at x ϳ 0.8, the grain size is smaller ͑ϳ53 nm in d, ϳ43 nm in e and f͒ with a coalescing trend in the transition region itself. A formation of cluster is more evident in pictures h and i where the particles size range from ϳ68 to ϳ81 nm. Image j displays a distribution of two particles size ͑ϳ59 and ϳ81 nm͒. The particles size going to diminished up to sample n. Finally the formation of almost continuous and compact films is established in samples o and q, i.e., after the stoichiometric TiO 2 formation.
IV. DISCUSSION
The results presented in the previous sections show a subtle control of the properties of TiO x in a broad range of oxygen partial pressure. An abrupt jump in the film properties occurs in a narrow oxygen partial pressure around P O 2 ϳ4.5ϫ 10 −5 mbar, Fig. 3, i. e., for ϳ0.8Ͻ x Ͻ 2. This particular oxygen partial pressure will be labeled P ‫ء‬ . For the sake of clarity we organize this section analyzing the processes leading to film properties in three defined composition ranges: ͑i͒ x Ͻ 1; ͑ii͒ 1 Ͻ x Ͻ 2, and ͑iii͒ x ϳ 2.
In the x Ͻ 1 range, the films are formed by a collection of particles composed of Ti clusters having a metallic character, as shown by the band electronic structure near the Fermi level ͑Fig. 4͒. This band is similar to the one reported in TiO 0.93 and TiO 1.15 ͑Ref. 50͒ and it is composed of two contributions: ͑1͒ the main one at ϳ1 eV from Ti 3d metallic orbitals; ͑2͒ the contribution at lower energies corresponding to contributions from surface states. As remarked in Sec. III, the metallic properties of the films obtained in this pressure range are further confirmed by the lack of features in the Raman and FTIR spectra.
The morphology of films obtained at the lowest deposition oxygen pressure shows pores embedded in a disordered structure. We point out that the presence of adsorbed oxygen cannot be ruled out. Indeed, Ti is highly exergonic and even at very low P O 2 the surface could be covered by absorbed O atoms. This oxide monolayer can support further oxygen adsorption, and to a lesser extent, O 2 − or O 2 2− species as it has been demonstrated for oxygen adsorption on rutile single crystals. 13, 42, 51 Moreover, oxygen chemisorptions implies the formation of a Tiu O bond at the surface with considerable chemical shift. This conclusion is reinforced by the fact that the latter effect shifts the O 1s BE to higher values ͑ϳ532 eV͒ than those expected in Ti
4+
u O 2− complex, i.e., in structures where oxygen is bound to Ti ions in an octahedral environment ͑ϳ530 eV͒. Moreover, the films with x Ͻ 1 analyzed by XRD exhibit patterns of metallic Ti ͑Fig. 7, samples a, c, f͒ supporting the assumption that the band at ϳ532 eV in the XPS spectra probably arises from oxygen at the surface.
On the one hand, at low deposition oxygen partial pressures the Ti atoms arriving at the Si substrate are relatively free to wander onto the surface. Thus, nucleation will be controlled by diffusion mechanism leading to the formation of metallic continuous films. On the other hand, higher oxygen partial pressure probably limits the formation of larger aggregates by the so-called ripening Ostwalt phenomenon, as seen in the AFM pictures ͑Fig. 8, samples d, e, f͒. 52, 53 Indeed, the presence of large amounts of oxygen surrounding Ti atoms prevent particles interaction and thus coalescence of larger cluster.
For the region 1 Ͻ x Ͻ 2, the atomic local structure of the material on oxygen incorporation is understood by following the band structure evolution. Indeed, the Ti 2p and O 1s electron core level changes in the XPS spectra ͑Fig. 1͒ reveal a multiplicity of Ti oxidation states between Ti 1+ to Ti 4+ , stabilizing at Ti 4+ for x ϳ 2. As expected, the metallic band located near the Fermi level abruptly decreases, becoming negligible at x ϳ 2 ͑Fig. 4͒. These sudden changes in the XPS and UPS spectra around P ‫ء‬ represent a transition from metal to a wide-gap semiconductor, i.e., material goes from TiO 1.2 to TiO 1.8 .
The abrupt change between x ϳ 1.2 and x ϳ 1.9 ͑curves g and I, respectively, Fig. 1͒ is accompanied by a color change from silvery to golden. The silvery aspect is characteristic of plasmon excitation of metals ͑or highly degenerated semiconductor͒. We remark that oxygen forms bonds with localized electrons. Therefore, increasing oxygen concentration diminishes the free electron density, shifting the plasmon excitation to lower energies, i.e., suppressing the metallic shiny surface of the material. 54 This frequency shift has been well established in colloid chemistry, in electrochemical, as well as in pulse radiolysis experiments. 55 The transition induced by oxygen is accompanied by morphological changes. The Raman spectra and XRD diffractogram show typical results expected in amorphous materials ͑Figs. 5 and 7͒. We note, also, that even for some films there are traces of TiO or rutile ͑curves g and j, Fig. 5͒ . The multiplicity of Ti oxidation states revealed by the XPS spectra suggest that besides inhomogeneous broadening there is also chemical disorder contribution to the bands width. The structureless films growth with oxygen pressures near to P ‫ء‬ are formed by bigger particles than those obtained at lower P O 2 and exhibit open structures ͑pictures h to j in Fig. 8͒ . The formation of amorphous and structureless films is a consequence of the process commented above in relation to the ripening Ostwalt phenomenon. 53 The kinetic of the films formation is also dependent on the oxygen pressure. Indeed, the oxygen pressure where the metal to insulating transition takes place strongly influences the material growing, increasing the thickness by 25% in the 1.2Ͻ x Ͻ 1.8. On the other hand, for equivalent deposition parameters, an abrupt thickness shrinking at x ϳ 2 is observed. The thickness augment is consistent with the observed open films morphology ͑Fig. 8͒. The thickness shrinking is due to the fact that, in the presence of abundant oxygen in the chamber there are many more possibilities of reactions Tiu O on the target. In fact, during the films deposition at relatively high oxygen partial pressures, an intense activity on the Ti target is observed through the chamber window. 56 Also, the formation of massive clusters ͑TiO͒ n near the target surface implies than an important fraction of species falls down before reaching the substrate. 57 One should be aware that the formation of ͑TiO͒ n clusters requires high energy for breaking O v O bonds. Nevertheless, we found evidence of the Ti+ O 2 v TiO+ O reaction from a bright greenish luminescence emitted near the target at high oxygen deposition pressures ͑P O 2 Ն P ‫ء‬ ͒. This emission is compatible with the 1 S 0 u 2 D 2 radiative transition of free O atoms induced by the blue emission of the Ar + ion beam. It is interesting to note, finally, that the observed greenish glow is similar to that of the austral or boreal aurora. 58 For x ϳ 2 all the samples have the same composition, i.e., nearly stoichiometric TiO 2 is formed. Nevertheless, one can distinguish two types of materials associated with the oxygen partial pressure used during deposition: ͑i͒ when P O 2 slightly exceeds P ‫ء‬ , significant changes in the color, thickness, crystallinity, and morphology, are observed and ͑ii͒ only morphological changes are evident when P O 2 exceeds 3 ϫ 10 −4 mbar. The sharp green, purple, and yellow colors observed in samples deposited at ϳ5.0ϫ 10 −5 and 4.0 ϫ 10 −4 mbar oxygen pressures correlate with the film thickness decrement from 180 to 100 nm. The analysis of the transmittance spectra of these films, considering refraction index independent on thickness, explains the color variation as consequence of interference phenomena due to thickness changes. We should note, however, that variations in 20% have been measured for TiO 2 films prepared by sol-gel. 59 Once the sample thickness reaches ϳ100 nm, the observed pale yellow color is characteristic of TiO 2 .
6,60 A complete analysis of the optical properties of these films is currently being investigated and will be reported elsewhere.
Above P ‫ء‬ , the crystalline structure of the material shows two interesting characteristics. First, at P O 2 ϳ 5 ϫ 10 −5 mbar, the material is composed solely by rutile. Second, at P O 2 Ն 1 ϫ 10 −4 mbar the material is exclusively anatase with intermediate compositions in sample l ͑Figs. 5-7͒. This result is unexpected since rutile is the thermodynamically more stable phase of TiO 2 , 13 whereas anatase is the phase most frequently found for TiO 2 synthesized by sol-gel or hydrothermal routes. 18, 61, 62 This result is probably due to interplay between surface energy and size of the anatase nanocrystallites. 63 The mechanism leading to the patterned structures formed by elongated particles particularly aligned -as in images o and q-in Fig. 8 is probably involving oxygen induced reconstruction and rearrangements of subsurface ͑in-terstitial͒ labile Ti atoms. 64 The physical reasons leading to the formation of TiO 2 rutile presenting crystal domains of ϳ11 nm at P O 2 ϳ 5 ϫ 10 −5 mbar is more difficult to understand. These films exhibit less than ϳ37 nm diameter background particles joined by columns to particles of ϳ71 nm diameter ͑picture k, Fig.  8͒ . The presence of columns suggests that the link between octahedral structures may be through the crystal corners. Additionally, the underneath structure may also be formed by small octahedral domains embedded in a disordered environment.
V. SUMMARY AND CONCLUSIONS
The morphology, electronic and crystal structure of TiO x ͑0.3Ͻ x Ͻ 2͒ films grown onto a Si substrate by ion beam sputtering of a Ti target in a controlled oxygen atmosphere is reported. In particular, there is a narrow oxygen pressure range ͑5.09ϫ 10 −5 Ͻ P O 2 ‫ء‬ Ͻ 7.99ϫ 10 −5 ͒ where the material undergoes a metal wide-gap semiconductor transition. This transition is accompanied by important changes in color and thickness of the films.
The results demonstrate that the oxygen partial pressure allows a fine control of the particle size and the properties of the films. Furthermore, P O 2 can be used for tuning the particle size of the TiO x films by tailoring the surface/bulk particle ratio. Moreover, the particle size influences the formation of the anatase phase by diminishing crystallite surface energy. This is an attractive route to synthesize films for light sensitive TiO 2 based devices, such as photoelectrochemical cells,-catalysts, and -chromic windows, where the anatase phase is more efficient.
